Abstract-In this work, a ceramic capacitive sealed gauge pressure sensor has been designed, fabricated, and fully characterized for harsh environment pressure microsensor applications. Thick film screen printing has been expanded as a method for creating ceramic microstructures. The ceramic pressure microsensor consists of a bottom electrode deposited on a 96 % alumina substrate and a top electrode deposited on a ceramic diaphragm. The ceramic cavity and diaphragm were created using a thick film sacrificial layer. Hermeticity of the pressure sensor was characterized to assess the sensor's feasibility for MEMS applications such as harsh environment sealed gauge pressure sensors. The sensor showed excellent hermeticity with a maximum leak rate of 7.0 x 10 -10 atm cc/sec He after exposures to temperatures up to 500 o C. The sensor was also fully characterized up to 300 o C in a pressure range of 0 to 50 psi. The average sensitivity over these temperature and pressure ranges was 9.2 fF/psi.
INTRODUCTION
Pressures microsensors are typically made of silicon and rely on piezoresistive and capacitive sensing techniques. The degradation of silicon's material properties at high temperature render it unsuitable for high temperature applications. Many high temperature materials such as polycrystalline diamond and silicon carbide have been studied as alternative materials to silicon [1] - [4] . Microfabrication techniques with these two materials are still immature although silicon carbide is making great progress [5] . Ceramic materials offer excellent high temperature properties and have also been investigated. There are several mature ceramic microfabrication technologies such as thick film on Al 2 O 3 (alumina) and co-fired ceramic technology that have been utilized in the microelectronics industries for over thirty years. This work focuses on the use of ceramic microfabrication to create a capacitive pressure microsensor.
II. BACKGROUND
The majority of ceramic pressure microsensor research has been focused on Low Temperature Co-fired Ceramic (LTCC) technology [6] - [9] . Although it is easy to create cavity structures with this ceramic microfabrication technology, LTCC does have several drawbacks. The associated high glass content which is required to achieve lower temperature co-firing (approximately 850 o C to 900 o C) results in lower Young's Modulus, flexural strength and thermal conductivity when compared to thick film screenprinting on alumina. Table I compares properties of LTCC and thick film on alumina. Thick film on alumina also has a major advantage over LTCC in that cavity airgap distance and diaphragm thickness ranges may be completely controlled by the microsensor fabricator. LTCC technology uses commercially available green tapes which come in standard dried thicknesses of 114, 165 and 254 micrometers [10] . Sensor microstructure cavity airgap distances and diaphragm thicknesses created by LTCC therefore must be multiples of the available fired tape thickness values. This characteristic limits the sensor design flexibility. With thick film on alumina, cavity airgap distance and diaphragm thickness is practically infinitely controllable through the adjustment of screen-printing process parameters.
III. CERAMIC PRESSURE MICROSENSOR DESIGN
The thick film screen-printed ceramic capacitive pressure microsensor created in this work was designed using standard thick film design rules supplemented by a novel thick film fabrication approach. The design incorporated a sacrificial layer, a common technique used to create cavities in the MicroElectroMechanicalSystems (MEMS) industry, to create the required thick film cavity microstructure.
The microsensor is a parallel plate capacitor with the top electrode deposited onto a thick film dielectric diaphragm. In operation, the diaphragm deflects under variations in pressure. A schematic of the pressure microsensor design is shown in Fig In order to create access to the thick film sacrificial layer, vias were designed into the base alumina substrate to permit chemical etchant penetration. A multi-up design was used such that 10 sensors would be batch fabricated on each alumina substrate to lower cost.
The designed sensor outer dimensions were 7.9 mm x 3.8 mm x 0.64 mm. The designed diaphragm area was 4.8 mm x 2.8 mm. With thick film, the diaphragm thickness is variable but a thickness of 20 micrometers was initially chosen for the design and analysis.
As external pressure increases, the diaphragm deflects downward causing a decrease in the electrode separation distance d which results in an increase in capacitance by the general relation
Where C is the device capacitance, ∈ o is the permittivity of free space, and A is the electrode area.
IV. CERAMIC PRESSURE MICROSENSOR FABRICATION
The ceramic pressure microsensor fabrication consisted of the traditional thick film screen print, dry, and fire steps. In order to use the through ceramic via technique described previously to etch the sacrificial layer and create the cavity, the bottom electrode required holes. A dielectric layer was necessary to cover the bottom electrode to protect it from the chemical etchant. A sacrificial layer was required to create the cavity and a top dielectric layer was required to protect the top electrode from the etchant. A termination material layer was required to facilitate device interconnection. Lastly, a dielectric layer was required for the backside of the substrate to create the final seal after etching. An illustration of the sensor fabrication is shown in Fig. 2 . Two different sacrificial layer thicknesses, 12 and 22 micrometers, were used to create two different cavity airgap distances. In summary, after all of the top layer prints were completed, the devices were exposed to chemical etchant to remove the sacrificial layer. After sacrificial layer removal, a dielectric layer was screen-printed onto the backside to seal the device.
A detailed discussion of the cavity microstructure fabrication techniques has been reported [11] . 
V. CERAMIC PRESSURE MICROSENSOR CHARACTERIZATION

A. Microsection Analysis
After fabrication was completed, sample devices were microsectioned for physical analysis. 
B. Device Static Capacitance Measurements
The second step in characterizing the fabricated pressure microsensors was to measure their static room temperature capacitance and compare that against the theoretical value. With three dielectric layers in between the top and bottom electrodes, the effective capacitance is treated as three capacitors in series as shown in Fig. 5 . The theoretical calculated values were determined using the relation
where C eff is the effective device static capacitance, C T is the capacitance of the top dielectric, C A is the capacitance of the airgap, and C B is the capacitance of the bottom dielectric. In Fig. 6, d T , d A , and d B are the thicknesses of the top dielectric, airgap, and bottom dielectric respectively. To calculate the individual capacitances C T , C A , and C B equations 3 through 5 are used.
Where ∈ o is the permittivity of free space and ∈ r is the relative dielectric constant of the thick film dielectric material (∈ r = 10 for DuPont QM44 dielectric) [12] .
The calculated theoretical capacitances were 7.9672 pF and 5.2412 pF for the 12 and 22 micrometer sacrificial layer thicknesses.
Capacitance measurements were made on the 12 and 22 micrometer sacrificial layer devices using an Agilent 4284A LCR meter. For the 12 and 22 micrometer sacrificial layer thicknesses, the measured values were 8.1238 pF and 5.9647 pF respectively. These values were in close agreement with the theoretical calculations.
C. Device Hermeticity Testing
In order to assess the usefulness of the sensors for harsh environment sealed gauge pressure microsensor applications, the devices were tested for hermeticity in accordance with MIL-STD-883 Method 1014 Seal Test Condition A 2 , flexible method after high temperature exposures [12] .
The maximum calculated leak rate limits for the 12 and 22 micrometer sacrificial layer devices are 1.8 x 10 -8 and 6.1 x 10 -8 atm-cc/sec He respectively according to Method 1014. The devices showed excellent hermeticity with maximum measured leak rates for the 12 and 22 micrometer sacrificial layer devices of 6.9 x 10 -10 and 7.0 x 10 -10 respectively which exceed the leak rate limits by nearly two orders of magnitude. The 500 o C hermeticity graph is shown in Fig. 6 . Hermeticity of the cavity has been reported [11] . Figure 6 . Sensor leak data after 1, 2, 4, and 8 hour exposures to 500 o C.
D. Pressure versus Capacitance Testing
To evaluate the microsensors' suitableness for harsh environment applications, the 12 micrometer sacrificial layer devices were characterized for pressure sensitivity at elevated temperatures of 21 o C, 100 o C, 200 o C, and 300 o C at a pressure range of 0 to 50 psi. The microsensors showed excellent pressure sensitivities at these temperatures. The sensitivities were 8.9, 8.7, 9.3, and 10.0 fF/psi respectively. The elevated temperature data are shown in Fig. 7 . The average device sensitivity over these temperature extremes was 9.2 fF/psi. 
VI. CONCLUSION AND OUTLOOK
Ceramic capacitive pressure microsensors for high temperature applications have been realized in this work. The sealed gauge devices show excellent hermeticity after high temperature exposures. They also show excellent pressure sensitivity at room and elevated temperatures up to 300 o C.
The fabrication techniques developed in this work can be utilized to produce discrete ceramic pressure microsensors or imbedded pressure microsensors in the ceramic microelectronics packaging substrate to provide smart packaging.
